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CIRCUIT ARRANGEMENT FOR INJECTING NUCLEIC ACIDS AND OTHER

BIOLOGICALLY ACTIVE MOLECULES INTO THE NUCLEUS OF HIGHER
EUKARYOTIC CELLS USING ELECTRIC CURRENT

5 The invention relates to a circuit arrangement for introducing nucleic acids,
peptides, proteins and/or other biologically active molecules into the cell
nucleus of eukaryotic cells by means of electric current, or for the treatment of
cells, cell derivatives, subcellular particles and/or vesicles with electric current,
consisting of at least two storage devices for quantities of electric charge, each

10 supplied by a high-voltage power supply which each have at least one power
semiconductor for transferring the quantities of charge present in the storage
devices into a suspension in a cuvette and at least one monitoring device for

controlling the power semiconductor.

15  Background of the invention

Since the place of action of eukaryotic DNA is the cell nucleus, DNA supplied
from outside must enter the nucleus in order to be read out. Conventional
transfection methods only bring about transport of DNA through the cell
20 membrane into the cytoplasm. It is only because the nuclear membrane is
temporarily dissolved during the cell division of higher eukaryotes that the DNA
can passively enter the nucleus so that proteins encoded by it can be
éxpressed. Only very small DNA molecules (oligonucleotides) can diffuse freely
through the pores of the nuclear membrane. For the effective transfection of
25 quiescent or weakly dividing celis it is thus necessary to create conditions
which have the result that larger DNA molecules enter the nucleus through the
nuclear membrane in sufficient quantity. The circuit arrangement described

here makes this possible in higher eukaryotic cells.
.30 State of the art

it has been known for some time that DNA from a buffer can be introduced into

cells with the aid of electric current. However, the circuit arrangements for
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supplied by a high-voltag ower supply which each have at |east one power
sem conducteokafyotictaeliasTbus, aginchié arenganiénisfopfeletimtpnsiedioaneptimisetie

storage devigces into a suspensipn in,a cuvette and at | east one nonitoring
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I nvention Since the place of action of eukaryotic DNA is the cell nucleus,
DNA supplied fromoutside nust enter the nucleus in order to be read out.
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protei ns encoded by it can be
US Patent 5,869,326 (Genetronics, Inc., San Diego, USA, 1996) describes a
specific equipment structure by which means two, three or a plurality of puises
15 can be generated using two separate current sources. However it is not
claimed or shown that these pulses have an effect which goes beyond the

transport of DNA into the cytoplasm.

US Patent 6,008,038 and the European Patent Application EP 0 866 123 A1
20 (Eppendorf-Netheler-Hinz GmbH, Hamburg, 1998) describe a device with
which short puises of 10-500 ps and a maximum of 1.5 kV can be generated
but again give no indication that certain conditions could lead to conveying

DNA into the nuclieus.

25 None of the circuit arrangements known so far is optimised to make it possible
for DNA and/or other biologically active molecules to be effectively transported

into the cell nucleus with low ceil mortality.

The object of the invention is to provide a circuit arrangement which makes it
30 possible for DNA andfor biologically active molecules to be transported

effectively into the cell nucleus with tow cell mortality.
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pulse in at least one selectable time interval can be measured by the monitoring

device, and wherein a preset desired quantity of charge is compared with the

20 delivered actual quantity of charge and on reaching or exceeding the desired

quantity of charge, the power semiconductor is blocked.
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reaching or exceeding the desired quantity of charge, the power semiconductor
is blocked.
20
In a-ddition to the possibility of determining the delivered quantity of charge
using the current flowing from the storage device, alternativély the preset
desired quantity of charge is compared with the actual delivered quantity of
charge in an interval of time and on reaching or exceeding the desired quantity
25 of charge, the power semiconductor is blocked. On this occasion, depending on
the pulse shape used and the number of pulses, the time interval which can be
selected for the determination can be individually predefined in order, for
example, to determine the delivered quantity of charge during the first or each
subsequent pulse. The delivered quantity of charge can be determined by
30 determining the difference between the original charge at least of one of the
storage devices and the residual charge. In this case it is possible that
according to the number of pulses used, more than one of the at least two

storage devices is used in a circuit fashion wherein each storage device is



the resistance of the cuvette and the suspension contained therein, 12 is
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be blocked on reaching the specified quantity of charge (Q2).

20 Alternatively it is possible that after at least one predetermined time interval
after triggering a first and/or second pulse, the flowing current is measured and
if this exceeds or falls below a desired value, the pulse duration can be re-

~adjusted in order to keep the delivered quantity of charge constant. In another
alternative it is possible that after at least one predetermined time interval after

25  triggering a first and/or second pulse, the flowing current is measured and if this
exceeds or falls below a desired value, an error message is generated to give a

~ warning to the user of the device. It is furthermore possible that after at least
one predetermined time interval after triggering a first and/or second pulse, the
flowing current is measureﬁ and if this exceeds or falls below a desired value,

30 the desired value is readjusted.

In order to determine any necessary constants, especially of the cuvette used

with the cell suspension, it can be provided that a preliminary measurement of



5 100 ps and a current density of at least 2 A?cm 2 and, w thout

I nterruption, the second power sem conductor transfers a pul se having a
current density of 2 - 14 A?cnR and a maxi mum duration of 100 may. 2ifhe tine
interval for determining the deliveredgsquantity of charge can consequently
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the cuvette used wth the cell suspension, it can be provided that a
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The card reader can al so be used at the
overcurrent cutoff is provided for the first and each subsequent pulse. The
overcurrent cutoff thus allows the high-voltage pulse to be interrupted at any
time in the event that preset limiting values are exceeded. |
20
The high-voltage pulse of 2 — 10 kV/cm described is suitable for creating
conditions such that DNA can enter the cell nucleus independently of the cell
division. In order to keep cell damage low, this pulse is limited to between 10
and a maximum of 200 us, preferably 10 — 50 ps. This is sufficient to achieve
25 transfection independent of cell division. For example, such a short singte high-
voltage pulse was found to be optimum for the transfection of endothelial cells
from the human umbilical vein. Another current pulse of lower field intensity or
lower current strength or current density but of longer duration, following
without interruption influences the efficiency of the transfection. As a result of
30 the significantly lower current density, this pulse can persist significantly longer
with little cell damage. An optimum current density or duration of the second
pulse is obtained depending on the cell type and sensitivity of the cell. Such

- combined pulses are found to be optimal, for example, for primary human



5 sane time to store the tinme profile of the voltage applied to the cuvette
or the current flow ng through the cuvette for docunentation purposes for
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or current density but of longer duration, following wthout interruption
i nfluences the efficigncy of the transfection. As a resylt of 30 the
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expr essi on ggysthen@sll stepdrRidrPBbMinkRs tHiediéNmubhBe predefined initially. it was
found that the resistance of the cuvettes when using aluminium electrodes
varies during the pulse as a result of electrochemical processes. This variation
is taken into account by a pulse-specific predéﬁned correction value. Thus,
20 precise pulse shapes for the second pulse can be predetermined using U, = R
x Iz x Kz by controlling the charge, where U, is the capacitor voltage with which
the storage device is charged, R is the resistance of the cuvette and the cell
suspension contained therein, i; is the desired current and K; is the pulse-
specific correction value.
25
In one embodiment of the invention the ohmic cuvette resistance R can be
measured directly before the beginning of pulse delivery by applying a test
voltage and taken into account accordingly in the calculation of the voltage U,.
Since the resistance measured before pulse delivery is subjected to larger
30 fluctuations than the resistance during pulse delivery, presumably as a resuit of
electrochemical processes, it is found to be advantageous to fixedly predefine
the resistance R to calculate the capacitor voltage U, as a parameter. In a

preferred embodiment of the invention the resistance of the cuvette is



hi gher the current density of the second pul se, the stronger its influence
on the transfection rate, i.e. the percentage of transfected cells. The
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vol tage and taken into account accordingly in the cal culation of the

vol tage U2TheStiGAt EHh@an P@ﬁieﬁtaﬁﬁﬁ pEeaseien BRT S8varRbgesusIeh4nieh Yok Sthe
subjected to larger 30 fluctuations than the resistance during pul se

del i very, praagima@wf aviescenlsyl dividing ellsuyolicerils. bathepsave yeastheigiroud f ound
Lo b, Tl aRgRH e & ALY SlaBISERe PR LTINS A R ae 1
i nvention bled eeilst prgipottintt recariert t€lls Srotn huvieh 2618dd - prifas Uh@sahef or e
t he commencenent of pul se delivery regardless of this in
fibroblasts, endothelial cells, muscle cells or melanocytes and can be used for
diagnostic pufposes or for the manufacture of a medicinal product for ex-vivo
gene therapy. |
20 |
The circuit arrangement according 1o the invention is furthermore also suitable,
for example, for electrofusion, ie., methods for the fusion of cells, cell
derivatives, subcellular particles and/or vesicles by means of electric current,'
wherein, for examples the cells, cell derivatives, subcellular particles and/for
25 vesicles are initially suspended in a suitable density in an agueous solution, the
suspension is then transferred to a cuvette and finally an electric voltage is
applied to the electrodes of the cuvette and a current flow is generated through
the suspension. Alternatively, for example, adherent cells, cell derivatives,
subcellular particles and/or vesicles or however, also adherent cells with

30 suspended cells, cell derivatives, subcellular particles or vesicles can be fused.

The circuit arrangement described here generates very high field intensities of
2 to 10 kV/icm which have the effect that DNA andfor biologically active



order to determ ne whether this lies within a predefined resistance w ndow.
If the nmeasured resistance lies outside this window, there is a fault and
the pulse delivery is not released. 5 For every cell type1@uaminms
conditions can be established for transfection rate, transfection
intensity and cell vitality. In a preferred enbodi mrent of the circuit
arrangenent the field intensity and duration of the first pulse and initial

current i FalerUles cap exler ibgnurdels indegradenty ef the cellidivisiom bhesenieldecond
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for variou ypes via a co Clrcult arrangemnmen used in
an advant atiesesshffisientrorf effididrd operdng fafctheopors buthes celltmembiare bng

eukaryotic cells. t he sa y, the, ci [ .arrange is al so
Sut tabl e 1 Broreae t kisen aescrBinadd ot G2 Mot BidtecREShdnah bl ood cel s,
pluri pog ent precursor cells fromhuman bl ood, primary human fi brobl asts,

endothelial cells, nmuscle cells or nelanocytes and can be used for
di agnost i cTparpddes matieoroftthe inwendcr isithusfa airewti aciangensrddoc timpta-

- Vi th . Th i r.cuit . {,. ' to,th
o on PN, BTG 4o SERETRRNNRSS WG ABobhBtron
i.e., nmethpitodiediy Betie shalBedbs datd the @elll nudslelis \(ﬂitﬁi?ﬁér, ctlkBsBtit Wells
particles and/or vesi cl esag% means of electric current, wherein, for
e

exanpl es t He8ingalpetric gyren einithe éntragustien|inodhe pudeus isachiryest by g

vesi cl al ek 4 . 1 [ _ SRV g

sor uti 5, *PHiso bR adield FRERURCR O BndH ARG LT PR HSREn,
el ectric vild egbnmiemizppkiad &aurbtorebbat leades0qis hhe acowedhtederwityanfaatr r ent
flow is geperated through the suspension. Alternatively, for exanple,
adher ent clﬂﬂsg?pc'%ﬂm' «derivatives, subcellular particles and/or vesicles or
however, also adherent cells wth 30 suspended cells, cell derivatives,
subcel lul ar particles or vesicles can be fused. The circuit arrangenent
descri bed Whedntredectare sf nacleidhiagidst ipeptidesit prideins eendior othdrobibbgiddllym

whi ch ve the effect tha and/ or bi ol ogically.actjye 19 Y 20Q4 -8
ol cculbs. BEM G MUBCHIRS AR BT hAUEIE S Reny Do raalevab Y 3 PHSFORT Zrhese
field 10 kV/cm, preferably 3-8 kV/cm, wherein the pulse is a maximum of 200 ys

long.

The circuit arrangément is designed so that the first pulse can be followed
20  without interruption by a current flow having a current density of 2 A?cm™ up to
a maximum of 14 A?cm™, preferably up to 5 A7cm™, of 1 ms up to a maximum

of 100 ms, preferably up to 50 ms in length.

Since the circuit arrangement makes transfection possible regardiess of the cell
25  division, in addition to dividing cells, quiescent or weakly dividing primary cells

can also be fransfected.

In other preferred embodiments the higher eukaryotic cells comprise primary
human fibroblasts, endothelial cells and melanocytes.

30
The eukaryotic cells transfected using the circuit arrangement according to the
invention can also be used for diagnostic and analytic purposes to produce a

pharmaceutical product for ex-viva gene therapy.



intensities are far above those normally used for el ectroporation and far
beyond those sufficient for efficient opening of the pores in the cel
menbrane (on average 1 kV/cm according to Lurquin, 1997, WMSIMAYBR@#echnol
7, 5). 5 The subject matter of the invegtion is thus a circuit arrangenent
for inple- nmenting a nethod for introducing nucl ei ¢ aci ds, peptides,

roteins and/or other biologic e nol. ecul i.nto t e cel| . nucl eus
b *ht gher - dfRAiTHk AErangRmEn Bctaidg & e BYERIoTE MEkaR ey BiRd0 ARt Buct | on
into the nyghststibs iAGEhENdRMLRY @emg.@abﬁeaﬁmhwt@ édn%tdi;ré edlsdddy ug

10
times that sufficient for opening the pores In he cel n’grane ané a
duration otraasfelcaaisexmenmgntsmdh &ranafaceqn mngm@t@ﬂsm exmaaﬁuorz vaGions,2. The

i ntroductign of .nucleic aci rot ei nd/ or ot her, biolo |caIIy
15 et ve ABIDENEE aFt o & eraProlht BRT i PR oS P Y Sof 2
10 kV/ csn preheuabhierdh8 tlavistaptionherein the pul se is a maxi num of 200 ps

|l ong. The circuit arrangenent is designed so that the first pul se can be

followed 20 without interruption by a current flow having a current

density of The” C%Wcéﬁag‘ btlcg‘lﬁglcgw ggmé)f m%ffeﬁ;A V[ 2me8|:1§f g)re?ghgs upprb IES A?em

2, of I nms up to a ns, préferably ngth

Si Infe thedpotysac(thardeanggmn(br trakmg\atro?ssmdélnfamtumsei tHezer ﬁ@wwl@ilssof t he
ce 25 djvisiopn ition to dividing cells, quiescent or weakly

di vi di ng plangeds they I(reé’e b&ﬂ%%‘%ls’"%ﬁ%ﬁ\‘@@t%‘ In other preferred

enbodi pgents the higher eukaryotic cells conprise primary human

fi broblasts, endothelial cells and nel anocytes. 30 The eukaryotic cells

t r ansf ect ellactiopgratioe buffers ihav’mgah@mentc stoerggtdiamg high blffer capacityiae can

al so be used far, . diagnpsti.c and an poses to produce . a
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circuit arfpeagsrnt according to the i nvention nakes it possible to achieve
transfection i ndependent of cell division and thus to considerably speed up
transfection experinents. In transfection experinents using expression

yect %5  The following protocol can be used to introduce nucieic acids into the cell

nucleus of eukaryotic cells: 1 x 10° — 1 x 107 cells and up to 10 pg DNA are
incubated in 100 gl electroporation buffer in a cuvette having a 2 mm
interelectrode gap for 10 min at room temperature and then transfected
accofd_ing to the conditions according to the invention. Immediately afterwards
20  the cells are washed out of the cuvette with 400 pl of cell culture medium and
incubated for 10 min at 37°C. The cells are then plated out in 37°C warm cell

culture medium.

Suitable cuvettes are commercially available cuvettes for the electroporation of

25 prokaryotes having an interelectrode gap or 2 mm or 1 mm, for example.

Evidence that the nucleic acids enter the cell nucleus Independently of cell
division can be furnished by analysing the cells which have not divided
between transfection and analysis. This is achieved on the one hand by the
30 transfection of non-dividing cells, such as for example cells of peripheral human
blood and on the other hand for dividing cells by an analysis a few hours after

transfection at a time when at most a fraction of the cells can have divided



an anal ysis according to pronoter and expressed protein can be nade even a
5 few hours after the transfection. The concept "biologically 3c§ i ve
nol ecul es” neans peptides, proteins, polysaccharides, |ipids MAY 2004
conbi nations or derivatives of these npjgcules as long as they develop a
bi ol ogical affinity in the ceI | . 10 El ectroporation buffers having a high
lonic streq.?‘@[} ﬁnd hi bu.f %/ r(f. e%) cially swtablefor use
with the ci'MEédP{OYng ﬁ’é’ﬁ 'O'é%@ GH% ndqifign RN GSNEEAIHSE: £ ol | owi ng
protocol can be used to introduce nuclelc acids into the cell nucleus of
eukaryotic cells: I x 105 - 1 x, 107 cells and up to 10 pg DNA are

i ncubat ed IFAGYHO pl el ectrdﬁuemscence)af:ﬁwed@eﬁsoctwte having a 2 mm

i nterel ectr gap for oom tenperat ure and then transfected
accordi ng he condi ti onrspoeéa %ed b the invention. |mediatel y

af t erwar ds FBMChe cel | s ar ePgwsifessl tﬂu@dmoﬁdm,c{aar@bng with 400 pl of cell
culture nmediumand incubated for 10 mn at 37C. The cells are then plated

out in 37CRRarmcell cult fPyseethrin Suitabl e cuvettes are comercially
avai | abl e cuvettes for the el ectroporation of 25 prokaryotes having an
interel ectrode gap or 2 mmor 1 mm for exanple. Evidence that the nucleic
acids enter the cell nucleus independently of cell division can be

furni shed by anal ysing the cells which have not divided between

transf egt i &axammpleanal ysis. This is achieved on the one hand by the 30
transfection of non-dividing cells, such as for exanple cells of peripheral
human bIood and on the other_hand for dividin | s by an analysis a few

hours af t er PetiolipeingcexaRpPles Hustaie tﬂ)ﬁéﬁ"%ﬁ’t'%g'ﬂt sheyld it hie egoarded @8l | s
can have diy, ﬂ@l‘ﬂrelg MAY 2004 10 The foll owi ng abbreviations are used in
addi tion to those in general use: FACS Fluorescence activated cell sorting
FCS Foetal calf serum PBMC Peri pheral bl ood nononuclear cells PE
Phycoerythrin 5 Exanpl es '
10 Example 1
Transfection of cytotoxic T cells from human blood

Freshly prepared unstimulated (non-dividing) mononuciear cells from peripheral
human blood (PBMC) were transfected with a vector which codes for the heavy
chain of the mouse MHC class 1 protein H-2K¥. 5 x 10° cells together with 5 ug
15  of vector DNA in a buffer having a high buffer capacity (48 mM x pH™) and high
ionic strength (280 mM) were placed at room temperature in a cuvette having a
2 mm interelectrode gap and transfected by a 1000 V pulse of 100 uys duration,
followed by a current flow having a current density of 5 A?cm? and 40 ms.
Immediately afterwards, the cells were washed from the cuvette using 400 pl of
20 culture medium, incubated for 10 minutes at 37°C and then transferred to a
culture dish with pre-heated medium. After incubating for 24 h, the cells were
successively incubated with digoxigenin-coupled anti-H-2K*-antibody and Cy5-
coupled anti-digoxigenin-antibody, as well as with a PerCP-coupled anti-CD8-
antibody to identify human cytotoxic T cells and analysed using a flow
25 cytométer (FACScalibur,. Becton Dickinson). The number of dead cells was
determined by staining with propidium iodide. As shown in Figure 1, 74.3% of
the living cells express the H-2K* antigen which corresponds to a very high

transfection efficiency.



The follow ng exanples illustrate the invention but should not be regarded
as restrictive. 10 Exanple 1 Transfection of cytotoxic T ceI&s fr@En human
bl ood Freshly prepared unstimulated (non-dividing) nononucl edr?® MY ¥%  om
peri pheral human bl ood (PBMC) were trapgfected with a vector which codes
for the heavy chain of the nouse MHC class | protein H 2Kk. 5 x 106 cells
together with 5 pg 15 of vector DNAoljl':?P a Fuéfer havi ng a high buffer
capacity (48 nMx pH 1) and high idrf®¥Bt4€ngth (280 mv) were placed at
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Becton Dickinson). The number of dead cells was determined by staining with

propidium iodide. As shown in Figure 2, 66.7% of the cells express the H-2K*

antigen which corresponds to a high transfection efficiency.

20 Example 3
Transfection of human neonatal dermat fibroblasts (NHDF-Neo)
Human neonatal dermat fibroblasts (5 x 10° cells) together with 5 pg H-2K*-
expression vector DNA were placed in a buffer having a high buffer capacity
(67 mM x pH™) and high ionic strength (380 mM) at room temperature in a
25 cuvette having a 2 mm interelectrode gap and transfected by a 1000 V puise of
100 ps duration, followed by a current flow having a current density of 6 A7cm™?
and of 33 ms duration. Immediately afterwards, the cells were washed from the
cuvette using 400 pt of culture medium, incubated for 10 minutes at 37°C and
then transferred to a culture dish with pre-heated medium. After incubating for
30 5h, the cells were incubated with a Cy5-coupled anti~H~2K"—antibody and
analysed using a flow cytometer (FACScalibur, Becton Dickinson). The number

of dead cells was determined by staining with propidium icdide. As shown in



400 pl of culture medium incubated for 10 m nutes at 37C and then
transferred to a culture dish with pre-heated nedium After initi@gt'ng for
8

1 Ped

16 h, the cells were successively incubated with phycoerythri _
anti-H 2Kk- anti body, as well as w th ap, APC coupl ed anti-CD34 antibody to
i dentify human 15 haematopoietic stemcells and anal ysed using a flow

cytoneter (FACScal ibur, . Becton Dickinson). [The nunber of dead cells was
det er m ned‘r’gg”ré’t g'i %g%gowflence'ﬁr%’ﬂ?fﬁﬁ%mﬁ 5@12'6@%6%%%{1 cRATESRRAS 1 ac6. 7%
of the cel hgrEkRIEEdiB&idR LA tigen which corresponds to a high
transfecti onngf ﬁhg ency. ' Zogféx&aerr}p ‘e 3 Transfection of human neonatal dernal
fi brobl asts (NHDF- Neo) Human neonatal dernal fibroblasts (5 x 105 cells)
together with 5 | ag H 2Kk- expression vector DNA were placed in a buffer
having a high buffer capacity (67 rfxample4) and high ionic strength (380

mV) at Hoorfraesfentiruobhuman Aéonatabmelahagytes a 2 nminterel ectrode gap
and transfected by a 1000 ul se 100 s ration, faqllowed
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of dead cells was determined by staining with propidium iodide. As shown in

‘Figure 4, 75.1% of the cells express the H-2K* antigen which corresponds to a

very high transfection efficiency.

20 Example 5
Transfection of human endothelial cells from the umbilical vein (HUVEC)
Endothelial ceils from the human umbilical vein (1 x 10° cells) together with
5 pg H-2K*-expression vector DNA were placed in a buffer having a high buifer
capacity (67 mM x pH') and high ionic strength (378 mM) at room temperature

25 in a cuvette having a 2 mm interelectrode gap and transfected by a 1000 V
pulse of 100 ps duration. Immediately afterwards, the cells were washed from
the cuvette using 400 pl of culture medium, incubated for 10 minutes at 37°C
and then transferred to a culture dish with pre-heated medium. After incubating
for 5 h, the cells were incubated with a Cy5-coupled anti—H-ZK"-antibody and

30 analysed using a flow cytometer (FACScalibur, Becton Dickinson). The number
of dead cells was determined by staining with propidium iodide. As shown in
Figure 5, 49.7% of the cells express the H-2K* antigen which corresponds to a

high transfection efficiency.



cuvet-te using 400 pl of culture nedium incubated for 10 mnutes at 37C and
then transferred to a culture dish with pre-heated nmedium After incubating
for 5 h, the cells were incubated with a Cy5-coupl ed anti-ﬂ—%w-%;i body
and 15 anal ysed using a flow cytoneter_{4ACScal i bur, Becton Dickinson). The
nunber of dead cells was determ ned by staining with propidiumiodide- As
shown in Figure 4, 75.1 %of the cells express the H 2K k anti gen which
corresponds to a very high transfedtxample@ici ency. 20 Exanple 5
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i ncubaggd RhsAltith@Mi@sn@L 37C and then transferred to a 10 culture dish
with pre-heated nmedium After incubating for 4 h, the cells were

Example 7

Transfection efficiency and average fluorescence intensity of Cycle3-
GFP-transfected CHO cells

20 In order to investigate the transfection efficiency and the average fluorescence
intensity of transfected celis as a function of the quantity of charge flowing in
the second pulse, respectively 7 x 10° CHO cells together with 5 pg Cycle3-
GFP-vector-DNA were placed in electroporation buffer in a cuvette having an
interelectrode gap of 2 mm and transfected by a 1000 V, 10 ps pulse and

25 subsequent second pulses differing in the variation of the current intensity or
current density and pulse time. After cultivation for 5 hours, the cells were
analysed using a flow cytometer. Figure 7 shows the transfection efficiency
determined as a function of the integral of the current over the pulse time (the
quantity of charge Q). It is found that the transfection efficiency can be

30 increased with increasing current intensity (open circles). An increase in the
pulse time for the same current intensity on the other hand results in no
appreciable increase in efficiency (closed circles). The fluorescence intensity

(brightness) of the transfected cells increases with increasing quantity of



I ncubated wth a Cy5-coupl ed anti-H 2Kk-anti body and anal ysed using a fl ow
cytoneter (FACScalibur, Becton D ckinson). The nunber of dead cells was
determned by staining with propidiumiodide. As shown in Fil8rMAY620069. 5%
of the cells express the H 2Kk antigenphich corresponds to a very high
15 transfection efficiency. Exanple 7 Transfection efficiency and average
fl uorescenc?‘?i ntensity of cle3- GFP-transfected CHO cells 20 In order to
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10 ps pul se and 25 subsequent second pul ses differing in the variation of
the curgent intensity or current dgnedrhjplec®d pul se time. After cultivation
for 5 hours, the cells were analysed using a flow cytoneter. Figure 7
shows the tlransfestionoefiigiensyeang averagenifluogeseence untensity off Cyeladt egr al
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determined as a function of the integral of the current over the pulse time (the

' qguantity of charge Q). As when using CHO cells, it is found that the transfection

efficiency can be increased with increasing current intensity (open circles). An

increase in the pulse time for the same current intensity on the other hand

20 results in no appreciable increase in efficiency (closed circles). The fluores-

cence intensity (brightness) of the transfected cells increases with increasing

quantity of charge Q, with saturation being reached for high Q. No major

differences are found whether the increase in Q was achieved by increasing

the current intensity (open circles) or increasing the pulse iength {closed

25 circles).

Example 9
Transfection efficiency and average fluorescence intensity of H-2K"-
transfected Jurkat cells
30 In order to investigate the transfection efficiency and the average fluorescence
intensity of transfected cells as a function of the quantity of charge flowing in
the second pulse, respectively 1 x 10° Jurkat cells together with 2 pg of H2K*-

expression vector DNA were placed in electroporation buffer in a cuvette



GFP-vector-DNA were placed in electroporation buffer in a cuvette having an
interelectrode gap of 2 mmand transfected by a 1000 V, 10 pﬁ q?gl}s%ﬁnd
subsequent second pul ses differing in the variation of the cur ﬁ

intensity or current density and pulseqdine. After cultivation for 5
hours, the cells were 15 analysed using a flow cytoneter. Figure 8 shows

t he transf&ction efficiency dete ned as a function of the integral of
ot S
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CHO cel I's, 4y 4 t til itdesigased
i Th 1 mer e S b A B B PR e BRI ol e

time for tlos coumest dansibhand putsesiime. Aftet heltivatien fdraha Heairs,.cbel aellsiweneo

i able i ip effici : d.cirgl . The f -
e enst 1y il S Byb conbled Bt Sand vt bshbca R VIomeAgEe ng
quantity ofFigrar gesHewthd thaisfecionoBffiRfdmty aeremated @k A1 fRcfidn N thej or

differences are found whether the increase in Q was achi eved by increasing

the cur Ir entntegrad 9f ithe, copatovartbe @sjseoimerdtheadamy ohshpges@). leiggiowndc| osed
gt _ . g .
Cntens: 1y SratXBRRkEnodf i SRELAGT i 't GB8Y, RUF TG SRIRICS .

t he transf éstensity édpercickoies).and inbeadecinatie plulser dsrefurethel SaRasElyerstt

transfected cells as a fynction of the quantity of charge flowing. in the
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transfection effici'ency determ ned as a function of the 1ntegral of the
current oveulgelengill (Closedm¥clasie quantity of charge Q. It is found that

t he trqgsfecti on efficiency can be increased with increasing current
intensi'ty (open circles). An increase in the pulse tinme for the sane
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In the figures
20 Figure 1 shows a transfection of cytotoxic T cells from human blood,
Figure 2 shows a transfection of pluripotent precursor cells from human blood,

Figure 3 shows a transfection of human neonatal dermail fibroblasts,
25

Figure 4 shows a transfection of human neonatal dermal melanocytes,

Figure 5 shows a fransfection of human endothelial cells from the umbilical
cord,
30
Figure 6 shows a transfection of the cell line K562 (analysis 4 h after

transfection),



10 (closed circles). The fluorescence intensity (brightness) of the
transfected cells increases with increasing quantity of charge Q wth
saturation being reached for high Q No major differences atd #dUReD:

whet her the increase in Qwas achievedsby increasing the current intensity
(open circles) or increasing the pulse Tength (closed circles). 15 The

i nvention i exlp:)}ai ned further with reference to the foll ow ngpfigures. I n

the figured'@¥er gtV agHpygstigaticdriae trasisientioniaeisrry a3 & dnaiongm
human bl ood, Fi ur fhelcaiin@nbAR ISl LRl qRhitit) BPLRRIGePARE U iR eee! | S

from human bl ood, Figure 3 shows transftecti on or” human “neonat al der mal
fibroblasts, 25 Fpssondintnsity as a funtdibealfitbe qiantiynefinchaergeatgiereemtal

mel anocytes, Figure .5 Qo t&?nsfecti on of human endothelial cells from
the unbilical corﬁ?mgg #%lf?&e '"BRows a transfection of the cell |ine K562
(analysgs 4 h after transfection), 1 9 MAY 2004 -16 Figure 7 shows an
investigation of the transfection efficiency as a function of the current

i ntensity, figwreds t shawagn iguestigationaif tbadragsiemtignogflicisaceas g funatioorof

crio el 171 Tner 5 g Bl il bl ol ey o RESIGHEHg of Pl "

efficiency as a fupeission infensith@iscal furistibni dftthe uantityof dargé nexpaiinentant i ty
of charge and of the ex- pression intensity as a function of the quantity
of charge, experine#Ng R JHecat el ivg.kat cell Iine, 10 Figure 9 shows- an

i nvestijgation of the transfection efficiency as a function of the current
intensity, pulse tine and quantity of charge and of the ex- pression

i ntensity d&3dguarefQnshowes aofinvéstigptiantdftthie dfansfeotiga, efisipacy msrd function of

the current intensity, pulse time and quantity of charge and of the ex-
pression intensity as a function of the quantity of charge, experiment
using the Jurkat cell line and the surface marker protein H-2K¥,
15
Figure 10 shows a block diagram of an electroporator circuit,
Figure 11 shows a circuit diagram of a control panel,
20  Figure 12 shows a circuit diagram of a card reader,
Figure 13 shows a circuit diagram of a supply unit,
Figure 14 shows a circuit diagram of a HV power supply,
25
Figure 15 shows a circuit diagram of an HV switch,
Figure 16 shows a circuit diagram of a current regulating system,

30 Figure 17 shows a circuit diagram of a flash recognition system,

Figure 18 shows a circuit diagram of a control system, and



using the Jurkat cell line and the surface marker protein H2K , 15 Figure
10 shows a bl ock diagram of an el ectroporator circuit, Figure 11 shows a
circuit diagramof a control panel, 20 Figure 12 shows a ci r1cg|ik;wd§m1€r am of
a card reader, Figure 13 shows a circujf_diagramof a supply unit, Figure
14 shows a circuit diagramof a HV power supply, 25 Figure 15 shows a
circuit diagramof an HV switch, Figure 16 shows a circuit diagramof a
current refIBHE1%gSsy sHaw, diaganritguexplain b seaderse @fi thegpalseadelivery 1 ash
recognition systen&lr CEjsgége 18 shows a circuit diagramof a control system
and 1 9 MAY 2004 - 9 fgure 19 is a flow diagramto explain the sequence of
the pul se delivery processes. Figure 1 shows the flow cytonetric anal ysis
of PBMC whigg r f i t e S| % of- _The

cel 1 5 ver o TS 85 e A7 GRORE dnalish T PBRRE Fufien” Rk beed

anti - H 2Kk trantfeotely with CjaKEexpteadicant vectoi. g Thiegarlls- avdrebatizcegsivergl | as
with a PerCP-coupled anti-CD8-anti body ft | dentify human cytotoxic T cells
and were af¥ Wi oexigenin- @@P-?'-? %@9&%@%%3‘3 @ererpief @thson) .

(FL-2, FL-3 _xfdél'%g-r%élfgﬁ@@ﬁ Qﬁlehs itk a i’%rﬁs-céoglpﬁ—:iodgﬁﬁ—r §SRAlib6ay t655C =

forward scatter, = peri I n chl orophy ot el n, = cluster of
di f f er enti iterdify huRayucgtatoxibohsellbearfd were yarabysed usiagad \fikive ayfometer

CD34- posi ti temcells entiched fr BMC whi ¢h had been transfected
wth b ok EBeRealhin Bos DickisSenL Glr4.o bt & Bleddtenca tpanicLBarbd wi t h
phycoelyt higsE eugiiedarbtatttr2 KSC 2TbhbadscaterVWPEICRS Yhihidinh Ayl ed
anti-CD34--antibody to identify human CD34 positive haenmat opoietic’stem
cel I s and weeteinid) Fokgstesohdiffaremtistionkyt onet er (FACScal i bur, Becton

D ckinson). (FL-1, FL-3 = fluorescence channel 1, 3; SSC = sideward
scatter, FSC = forward scatter, PE phyco- 20 erythrin, APC =

al | ophycocyagune 2CBhaws! thet elowocyinhdteic eanalasic oo) CHINHOsIBYS hetekn tdesisf | ow
cytonetric anal ysis of human _neonatal dernm ) " )
enrichéd from PBMC which had been transfected with H-2K"-expression vector.
15 The cells were successively incubated with phycoerythin-coupled anti-H-2KX-
antibody, as well as with a APC-coupled anti-CD34-antibody to identify human
CD34 positive haematopoietic stem cells and were analysed using a flow
cytometer (FACScalibur, Becton Dickinson). (FL.-1, FL-3 = fluorescence
channel 1, 3; SSC = sideward scatter, FSC = forward scatter, PE = phyco-

20  erythrin, APC = allophycocyanin, CD = cluster of differentiation).

Figure 3 shows the flow cytometric analysis of human neonatal dermal
fibroblasts (NHDF-Neo), which had been transfected with H-2KX-expression

. v'ector. The cells were incubated with Cy5-coupled anti-H-2K* and analysed
25 using a flow cytometer (FACScalibur, Becton Dickinson). (FL-1, FL-2, FL-3 =

fluorescence channel 1, 2, 3; SSC = sideward scatter, FSC = forward scatter).

Figure 4 shows the flow cytometric analysis of human neonatal melanocytes
(NHEM-Neo), which had been transfected with H-2K*-expression vector. The
30 cells were incubated with Cy5-coupled anti-H-2K¥ and analysed using a flow
cytometer (FACScalibur, Becton Dickinson). (FL-1, FL-2, FL-3 = fluorescence

channel 1, 2, 3; SSC = sideward scatter, FSC = forward scatter).



fibreblasts (NHDF-Neo), which had been transfected wth H 2Kk-expression
vector. The cells were incubated with Cy5-coupled anti-H 2K k and anal ysed
25 using a flow cytonmeter (FACScalibur, Becton Di ckinson). 1(Flat,200L- 2,
FL-3 = fluorescence channel 1, 2, 3, _ﬁ%tq = sideward scatter, FSC = forward
scatter). Figure 4 shows the flow cytonetric analysis of human neonat al

nmel anocytes, (NHEM Neo), which had been transfected with H 2Kk-expression
Vector ) ThEigtre 5 Showiine Tncupdenatin analyyis- foensiathelial iaells g himan
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(FACScal i bur, Becton Dickinson). (F L-3 5 fluorescence channel
1, 2, 3; SSC = si deward scatter FSC = forvvard scatter) Figure 6 shows the
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bur, Becton Di cki nson L-3 = fluorescence channel 1, 2, 3;
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fl uorescence 'intens es e posifrve ceI s as nction
of the quarntsidgwardd sdmleg,dzspwﬁowwamaﬂe@y\ed. The CHO cells were
transfected with Cycl e3-GFP expressi on vector and anal ysed after five hours
using a flow cytometer (FACScalibur, Becton Dickinson). Cosed circles
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were transfected with Cycl e3- GFP expressi on vector and anal ysed after
using a flow cytometer (FACScalibur, Becton Dickinson). Closed circles

correspond to a gradual increase in the pulse time for the same current
intensity (2 A) or current density (4 A?cm™), open circles correspond to an

20 increase in current intensity.

Figure 8 shows a graphical representation of the transfection efficiency of
Jurkat cells and the average fluorescence intensity (brightness) of the positive
cells as a function of the quantity of charge Q which has flowed. The Jurkat
25 cells were transfected with Cycle3-GFP expression vector and analysed after
five hours using a flow cytometer (FACScalibur, Becton Dickinson). Closed
circles correspond to a gradual increase in the puise time for the same current
intensity (2 A) or current density (4 A?cm?), open circles correspond to an
increase in current intensity.
30
Figure 9 shows a graphical representation of the transfection efficiency of
Jurkat cells and the average fluorescence intensity (brightness) of the positive

cells as a function of the quantity of charge Q which has flowed. The Jurkat



five-hours using a flow cytoneter (FACScalibur, Becton D ckinson). C osed
circles correspond to a gradual increase in the pulse tine for the sane
current intensity (2 A or current density (4 A?cni2), oper &MA¥% 2%
correspond to an increase in current ijdensity. 30 Figure 9 shows a
graphi cal representation of the transfection efficiency of Jurkat cells
and the average fluorescence intensity (brightness) of the positive cells
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sem conductor 10 if bot
example consist of an IGBT and the power semiconductor 10 can consist of a
MOSFET. However, the term "power semiconductor” should comprise all other
electronic components or component assemblies by which rheans the voltages
20 and currents to be switched within the scope of the invention can be switched
with the required switching times. The output of the IGBT is directly connected
to the cuvette connection 15 whereas the output of the MOSFET 10 is
connected via é resistance 16 and a diode 17 to the cuvette connection 15 so
that no pulse can flow back via the second power semiconductor 10 if both
25  power semiconductors 9, 10 are controlied simultaneously. For this purpose the
diode 17 is connected fo the cuvette connection 15 on the cathode side. The
second cuvette connection 18 is connected to earth via a resistance 19. The
resistance 19 comprises a measuring shunt to measure the voltage drop and
supply to an overcurrent switching stage 20. The overcurrent switching stage
30 20 can interrupt the pulse delivery by means of a switch 21 via the poteﬁtial
divider stage 11 and the HV switch 13 whereas a second overcurrent switching
stage 22 interrupts a control system of the regulating unit 14 for the MOSFET

10 via a switch 23. The voltage applied via the resistance 16 is fed to the



25 power sem conductors 9, 10 are controlled sinultaneously. For this

purpose the diode 17 is connected to the cuvette connectign 15 on the

cat hode side. The second cuvette connection 18 is connect dd® MY h via a

resistance 19. The resistance 19 conprijses a neasuring shunt to nmeasure

the voltage drop and supply to an overcurrent switching stage 20. The

overcurrent sw tchi nﬁ’_s izglge 30 %% .can . interrupt the pul se delivery by neans
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HV switch regulating unit to contro e power sem C uctors 9,
10 can be wasddiVHEvetcht 13 agecgldaiiroe anit 148tcacantar the pedvenisemioosduwtos 9,
plurality _of capacitqrs, of the required capacity and breakdown voltage so
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circuit diagranms of the individual® conponents in the block diagram “20

Fi gure 11 brginguantdy of chargdi cayr benstdred anddisansfeired do éhe tuvettmcenmnendionhe
par arreﬁr ‘%gnal s to be set wherei.n these can be preselected via a
pushbutYon "“switch 30 and checked visually using display elenments 31. LEDs
32 shows when the equipnent is ready for operation. The necessary

paranmeters_are prepared in the circuit and transmtted via a connector 33
to the contfhgl follpwingnFigures 11 to 18 shows the circuit diagrams of the individual

components in the block diagram.

20 Figure 11 shows a circuit diagram of the control panel for entering the
parameter signals to be set wherein these can be preselected via a pushbutton
switch 30 and checked visually using display elements 31. LEDs 32 shows
when the equipment is ready for operation. The necessary parameters are
prepared in the circuit and transmitted via a connector 33 to the control system

25  in accordance with Figure 14.

Figure 12 shows a circuit diagram of a card reader 34 via which preset
parameters for certain biological substances are read in and transmitted to the
control unit as shown in Figure 14.

30
Figure 13 shows a circuit diagram of the supply unit which substantially
consists of a 1560/230 Volt changeover switch 35, a transformer stage 36 with

primary-side wiring and voltage lead and secondary regulating stages to



25 in accordance with Figure 14. Figure 12 shows a circuit diagramof a
card reader 34 via which preset paraneters for certain biological
substances are read in and transmitted to the control unit 1a5MRH in
Figure 14. 30 Figure 13 shows a circuit,diagramof the supply unit which
substantially consists of a 1501230 Volt changeover switch 35, a

transforner_sjage,36 wth rimary-side wring and voltage | ead and
secondary P&tﬁHC%t e r?f:ﬁa%‘yet grPer "%W'ﬁﬂﬁ?'-%ir g?‘ﬁdﬁ%@ogﬁea n&&’&%@ér‘if
operating yakdqoruldtors $8hfc PidbRegfRr hd' &ttty 39f  vol tage regul ators 38
are inserted atfter the rectifier 37. Figure 14 shows a circuit diagram of

the two HV power supplies 5, 6 which can 5 be identified fromthe bl ock

i | i by t.h | i
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charges the storage device 7, 8 consisting of a plurality of ~capacitors,
in pul sed Hpe® byjtheoltagn d4-olramy ther sppivionitTwberrin isaeh regvietige stage 8lched

s transm | ' i Sl S System
as shown ihé%%e\fréelc%@re%lgﬁ \%gp?géé%?ﬁg?&?h@é s@ﬁ@ég&a{g\% ggla%légéqpé%éjto an
HV switch ﬁ@;a? dhowharged-ithar etol?g@nde\tih@ vol& ag)aﬁwﬁngf of he pluclibgeof
device 8 is fed to a current requlatin tage as shog in Figure 16. 15

i gure 15 SRRRRIOISCHY BUSEIATaRs o &1 tEHeaHIes ateen 405 Thderied walgheTs
recel vip ! ReacheN®! rshDnftRle vat Sl 0RaBUUICCARA! UBELA Trape agntRdown 11
Figure 16 to control the first power sém conductor 9. This transmts the
appl i ed veystegeasshownadn $igurer1fpahettoliage Upef e smbdge tlevicedhisdetitag t he

cuvette whic IS en,connected. to.earth.vi second | der, pad 42 via a
ow r esi ot B0dVAEdar rngriou it Bidite' 15 4sfi el Flade L of inSiyadeo

del i vers adée¢ieé 80k fed ealcurdet réd&awgﬂagb_mﬁomirﬁhi@wrbne. Figure 18 for
switching off the power sem con- ductor in the event” of a preset maxi num

current rise being exceeded. The first solder pad 41 is further connected
T L e R S LT
speci fi ¢ quaeivdsythef sighall N ¢enchficd Wy tieegulbelrhomitaring Bige as shown in
Figure 16 to control the first power semiconductor 9. This transmits the applied
voltage Us to a solder pad 41 for the HV cable for connecting the cuvette which
is then connected to earth via a second solder pad 42 via a low-resistance
20 measuring resistance. An overcurrent cutoff stage 20 delivers a control signal
for the control unit as shown in Figure 18 for switching off the power semicon-
ductor 8 in the event of a preset maximum current rise being exceeded. The
first solder pad 41 is further connected to the voltage output U, of the current
regulating stage from Figure 12 in order that a controlled current flow into the
25 cuvette to deliver a specific quantity of charge can be achieved following the
high-voltage pulse. The current regulating stage from Figure 16 receives the
control signals from the control unit from Figure 18 via a potential divider stage
and regulates the voltage U; applied to the storage device 8 to the voltage U,
delivered via the solder pad 41. In this case, according to the invention, Q
30 regulation or current regulation is used whereby the charge in the storage
device 8 is determined at predefined time intervals of, for example, one
millisecond and the delivered quantity of charge is determined taking into

account the original charge.



hi gh-vol tage pul se. The current regul ating stage from Figure 16 receives
the control signals fromthe control unit fromFigure 18 via a potenti al
di vider stage and regulates the voltage U3 applied to the $tfouggegdevi ce 8
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(e.g. by actualing a¥corréspondi ng trigger’ button ance
of the cuvetdritoringfafribe deasity eflchirder tai be dgliveyed gicaal suvond GHY gasvdre. g.
12 V) to the cuvette connections 15, 18 and a subsequent current
measur &enfUPRYg. for 2 ns) in step 44. As part of the interrogation 45 it
is 25 checked whether this resistance lies within a predefined w ndow. |If
not, the

Figure 19 shows a schematic flow diagram of the operating sequence of a

pulse delivery process controlied by the control unit 3 (see Figure 10) according
to a preferred embodiment of the invention. First, the required pulse parame-
20 ters are predefined manually or by reading out a memory card (not shown).
After starting the process {e.g. by actuating a corresponding trigger button), the
ohmic resistance of the cuvette is first measured by briefly applying a low
voltage (e.g. 12 V) to the cuvette connections 15, 18 and a subsequent current
measurement (e.g. for 2 ms) in step 44. As part of the interrogation 45 it is
25 checked whether this resistance lies within a predefined window. If not, the
subsequent process is interrupted. The measured resistance is not used
subsequently to calculate the charging voltage U, in the present embodiment of
the invention. If the resistance lies in order within the predefined window, the
storage devices 7, 8 are charged to the predefined voltages U, and U in step
30 46. When the desired charging voltages are -achieved, the charging by the HV
power supplies 5, 6 is switched off. During the following pulse delivery, no
recharging of the storage devices takes place. The pulse delivery for the high-

voltage pulse then begins in step 47 by closing the semiconductor switch 9. As



subsequent process is interrupted. The neasured resistance is not used
subsequently to cal culate the charging voltage U2 in the present enbodi nent
of the invention. If the resistance lies in order wthin yheyayegafi ned

wi ndow, the storage devices 7, 8 are charged to the predefined voltages Ul
and U2 in step 30 46. Wen the desired thargi ng voltages are achieved, the
charging by the H/ power supplies 5 6 is switched off. During the
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device 8 is selected so that the voltage decreases g‘&raadually or slowy
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i nt er r upt e¢sexd interragaticrt 80), ths edvitthetl tis mpehedidndtie hrdinedsdeadipdted. 9 MAY

2004 The capacity of the storage device 8 is selected so that the voltage decreases
gradually or slowly during the duration of the second pulse. If as a result of a

20 fault, the predefined desired charge is still not yet achieved even when the
storage device is almost completely discharged, the process will also be

interrupted after a suitably selected time limit has been exceeded.



-24 Reference list 1 Electroporator 5 2 Adjusting unit 3 Control unit 4
Vol tage supply unit 5 HV power supply 6 HV power supply 10 7 Storage
device 8 Storage device 9 Power sem conductor 10 Power sem O MNICBY 11
Potential divider stage 15 12 Potenti al Lgl vider stage 13 HV switch 14
Regul ating unit 15 Cuvette connection 2.L Resi stance 20 17 Di ode 18 Cuvette
connection 19 Resistance 20 Overcurrent cutoff stage 21 Switch 25 22
O/ercurrent cutof f stage 23 Switch 30 Push-button switch 31 Display

el enent Lg&%gnggl nnector .34 Card reader 35 Changeover switch 36
r

Tr ansf or rrer

1 Electroporator
5 2 Adjusting unit
3 Control unit
4 Voltage supply unit
5 HV power supply
6 HV power supply
10 7 Storage device
8 Storage device
9 Power semiconductor
10 Power semiconductor
11 Potential divider stage
15 12 Potential divider stage
13 HV switch
14 Regulating unit
15 Cuvette connection
16 Resistance
20 17 Diode
18 Cuvette connection
19 Resistance
20  Overcurrent cutoff stage
21 Switch
25 22 Overcurrent cutoff stage
23 Switch
30 Push-button switch
31 Display element
32 LED
30 33 Connector
34 Card reader
35 Changeover switch
36 Transformer
37 Rectifier
35 38 Voltage regulator
39 Regulating stage
40 Transformer stage



35 38 Voltage regulator 39 Regulating stage 40 Transformer stage 1 9 MAY
2004 -25 41 Sol der pad 42 Solder pad 43 Pulse nonitoring stage 44 to 51
steps - 2 6 - 1 9 MAY 2004 Clains 1. Acircuit arrangement for?@ngayodpgi ng
nucl ei ¢ acids, peptides, proteins and/ gt other biologically active

mol ecul es into the cell nucleus of eukaryotic cells by nmeans of electric
current or for the treatnent of cells, cell derivatives, subcellular
particles anddbr vE8eldereadwith electric current, consisting of at |east
two storage dg icegor E ag) for quantities of electrical charge, each
supplied by a high-vo ggq power supply (5, 6), each having at |east one
power sem confidct oPulse monitgring stegsferring the quantities of charge
present in togihe gf9f aggpsdevices (7, 8) into a 10 suspension in a cuvette
and at | east one control device for controlling the power sem conductor
(9,10), wherein the first storage device (7) is charged with a preset
voltage (Ul) as 'a paraneter and the second storage device (8) is charged
with a voltage U2 = R x 12 x K2, wherein R is the resistance of the
cuvette and the suspension contained therein, 12 15 is the desired current
and K2 is a correction value which takes into account the properties of
the cuvette, and wherein the control device is designed to control the
power sem conductors (9,10) in a way that at |east one first pulse with
the capacitor voltage (Ul) of the storage device (7) can be transferred to
the cuvette for a preset time (Ti) by controlling 20 a power sem conduct or
(9, 10), wherein the delivered quantity of charge of at |east one pulse in
at | east one selectable tinme interval can be nmeasured by the nonitoring
device, and wherein a preset desired quantity of charge is conpared with
t he delivered actual quantity of



charge and on reaching or exceeding the desired quantity of charge, the 25
power sem conductor (9,10) is blocked. 2. The circuit arrangenent accordi ng
to claim1, characterised in that mﬁt?gut interruption at | t one second
pul se with the capacitor voltage 30 (Y2) of the storage devi'c “?%)m@bn

al so be transferred to the cuvette by controlling a power sem conductor
(10). 3. The circuit arrangenent according to claiml or 2, 1 9 MAY 2004 --
2 7 characterised in that the delivered quantity of charge is determ ned
fromthe difference between the original charge of the corresponding
storage device (7, 8) and the residual_charge. 5 4. The circuit
arrangenent according to any one or sefddMS of claims 1 - 3, characterised
in that the first power sem conductor (9) transfers a pulse of 2 -- 10
kV/cm having a duration of 10 - 100 ps and a current density of at |east 2
10 A cm2 to the cuvette and the second power sem conductor (10) transfers
a pul se havilng a/cuircdhtardmgentenidor Antreddcing\aackiaratids, peptides mpdeterisi on

one o sever al of"SIoh ot bi¥jogicaly” Mokl fidiodEs MRFIRR' o “Rlicletd o TR
for deternining ehkagsticeellsdyoneane of alechic eyeentrardar the tregimentaieelis,wi t h
eher 1L 550 RO b i e gl acee i, cact
Soveral bi of ai mBoRSIstEg of ahiaast e SEuAGT Aovieas (1) TRRALERUIRE o Slectisah of
the second pul se chargd)eeadteaiupptidd by o« higlavoliagd povwrssussly o5ars) teachf
charge with the c'g{ual aggantti tXe.Of Wchar a de%{i{c\{err gﬁl, @thlt]% mﬁsuhenrhrét
time and ends wh % A4 &7 N BS ﬁﬁ&ﬁ ??P %h a i'gF YN
quantities of charge present in to the storage devices (7, 8) into a
10 suspension in a cuvette and at least one control device for controlling
the power semiconductor (9,10), wherein the first storage device (7) is
charged with a preset voltage (U} as 'a parameter and the second
storage device (8) is charged with a voltage Us = R x I x Kz , wherein R
is the resistance of the cuvette and the suspension contained therein, 1>
15 is the desired cutrent and K; is a correction value which takes into
account the properties of the cuvette, and wherein the control device is
designed to control the power semiconductors (9,10) in a way that at
feast one first pulse with the capacitor voltage (U1) of the storage device
(7) can be transferred to the cuvette for a préset time (T4) by controlling
20 a power semiconductor (9, 10), wherein the delivered quantity of charge
of at least one pulse in at least one selectable fime interval can be
measured by the monitoring device, and wherein a preset desired
quantity of charge is compared with the delivered actual quantity of
charge and on reaching or exceeding the desired quantity of charge, the
25 power semiconductor (9,10} is blocked. "

2. The circuit arrangement according to claim 1,
characterised in that
without interruption at least one second pulse with the capacitor voltage
30 (Us) of the storage device (8) can also be transferred to the cuvette by
controlling a power semiconductor (10). “

3. The circuit arrangement according to claim 1 or 2,



7. The circuit arrangenent according to any one or several of clains 1 - 6,
characterised in that in order to determne the actual quantify 93 %mﬂrge
there is provided a 30 neasuring cycle of 1 nsec, wherein during the ti
(T2) the capacitor voltage decreases-eXbbnentlally and on reaching the
specified quantity of charge (@) the power sem conductor (9, 19) can be
bl ocked. 8. The circuit arrangenent according to any one or several of
claims 1 - 7, Bh@ﬁﬁma@¥5¥m§gﬁtln that after at |east one pre-determ ned

time interval af s &Lﬁliviel/eﬁi' n@.wa d &ﬁé eai‘sd/dé'ierﬁﬂﬁéﬂ'dfr@hh| $8e LdiffefdriRdl N9
current is rreasureegﬂand | f excee

0
desired val ue t hoehypeR ithe 06‘9"1%(9 ﬁfﬂ%@f CB'éfeﬂé‘H&ﬂIﬁ%lséQfagPrA%’l‘%ﬁ: égl keep
t he delivered quandithy re§|dgba¢mgeonstant 9. The circuit arrangenent )
accordi ng‘.?to any one or several of claims 1 - 7, 5 characterised in that
after at 1east one pre-determned tine interval after delivering one first
and/ or secord purrm ¢|tw|tfartamgegnemracmntdmgtoraassaned)rmdera‘lolfniasmexiceéds or
falls bel ow a de% t ﬁééﬁem Rl error nmessage i's given. 10 10. The circuit
arrangenent accordin 0 any one or several of clainms 1 - 7, characterised
in that after at ﬂﬂ%afg%f aawepﬁ@:wg@@duﬁtwe&@)t traesfefﬁ@rpalseaet &r —dtd ikMdetinng

one first and/ Orhafaﬁ@oaddmhéﬁ ¢fe0 -l QobNes GHHT £ Hurfent RASHY &f ARakf 2t hi s
exceeds  or falls bel® Ee des\{g@g ve&n the desired val ue IdSU&¥ KI sted
15 11, THE ci rouh T aifgdiensUvatieoalich dhe cSerRndoRoWsT Seisan
- 10, characteri smmﬂst@qﬁulséma}mg zelcantat! demsity ngf Par aletlercen Bfartme
pul se (U1, Ti, T by entering a code. 20
12. The circuit ?ﬂﬁ@éﬁéhfaﬁggc%mdn@&%mﬁ@lﬂﬁ%éﬁgﬁé%‘everaI of clains 1 -
11, characterised in that an overcurrrent cutoff is provided for the first
and second @il S€The circuit arrangement according to any one or several of claims 1 — 4,
15 characterised in that -
the time interval for determining the delivered charge can be specified as
synchronous with the delivery of the charge of the first and/or preferably
a second or each further pulse.

20 6. The circuit arrangement according to any one or several of claims 1 -5,
characterised in that
the switch-on time (T} of the second pulse can be specified by
comparing the desired quantity of charge with the actual quantity of
charge delivered by the measurement time and ends when the desired
25 quantity of charge is reached.

7. The circuit arrangement according to any one or several of claims 1 -6,
" characterised in that
in order to determine the actual quantity of charge there is provided a
30 measuring cycle of 1 msec, wherein during the time (T2) the capacitor
voltage decreases exponentially and on reaching the specified quantity
of charge (Qz) the power semiconductor (9, 19) can be blocked.

8. The circuit arrangement according to any one or several of claims 1 -7,

35 characterised in that
after at least one pre-determined time interval after delivering one first
and/or second pulse the flowing current is measured and if this exceeds



25 13. The circuit arrangenment according to any one or several of clains 1
- 12, characterised in that the resistance R of the cuvette us@dui 20
calculate U2 can be nmeasured by a resi sg nce neasurenent before
controlling a power sem conductor (9, "1 ? 30 14. The circuit arrangenent
according to any one or several of clainms 1 - 12, characterised in that the
resi stance R of the cuvette used to calculate U2 is predeterm ned. 35 15.
The circuit arraongéistelowcndesiral valuatiye domtion of éhe palseodarcbaireadjusted14,
characterised in;th - | .hg parameters of
t he pul se (UL, Tiﬁ o@%r t?‘%,%eﬁit,?e %Y%%%gg@%ﬁg;ﬁ @%@?géﬁé@?mry card. 16.
The circuit arrangenent according to any one or several of clainms | - 15,

5 characterigsed "I*?*eté]ﬁéuitaa e?ﬁeﬁt%o%ﬂﬁh?%’aﬁ?bn@‘%ﬁ%%bfw oAefhimscer ¢i ng
the time profile of the. vo,tﬁge applied To the cuvette and/or the current
fI1 owi ng- & hr ough ohaEactetiged indhghd that the neasured tine profile of the

vol tage and/or CcCafteenit Ie@%%ﬁ@pﬁé-ﬂé@nﬁi‘edﬂtinﬁ{mﬂmahaﬁer tieliefingJsre dirstt he
circuit arrangenent,,accordi.ng.t o, ,any one o ' - .
transfection of @#é@cﬁﬁongrpqﬂﬁ,ﬂ}ﬁ ﬁ%wg]gk%h;%\t?%Hieajsf.lggc}ggm{g\éé %fc%erges
circuit arrangenanfalixcihelodi andesicechvgiuenan efroc hssage is givenfor 15 t he
transfection of primary cells. 19. Use of the circuit arrangenent according
to any one of claims | - 16 for the transfection of human bl ood cells. 20
20. Use W3 the ciTheusircultrarzangeraent agcesdiag fegany oamorseverl of claims h—7. 16 -
for the transfey,pictefisdd i thapt ent precursor cells of human bl ood. 21.
Use of the circuit arrangenent accordin ‘iag' an%/ one oé cl a'\.ms.l - %rﬁ.for
the transfection @@fﬁiilﬁﬁtyo%ﬂﬁ‘?fdﬂ%%'%‘? pe inferyal plel deliveling ong,Jisl ¢
25 cell's or nel agpRydresecond pulse the flowing cutrent is measured and if this exceeds

or falls below the desired value, the desired value is readjusted.

16
11.  The circuit arrangement according to any one or several of claims 1 —
10, characterised in that
the pre-selected setting parameters of the pulse (U4, Ty, Iz, T2, Kz} can
be input manually or by entering a code.
20

12.  The circuit arrangement according to any one or several of claims 1 —
11, characterised in that
an overcurrrent cutoff is provided for the first and second pulse.

25 13. The circuit arrangement according to any one or several of claims 1 —
12, characterised in that
the resistance R of the cuvette used to calculate U, can be measured by
a resistance measurement before controlling a power semiconductor (9,
10).

30

14.  The circuit arrangement according to any one or several of claims 1

12, characterised in that
the resistance R of the cuvette used to calculate U, is predetermined.

35 15. The circuit arrangement according to any one or several of claims 1 —
14, characterised in that



22. Use of the circuit arrangenent according to any one of clainms | - 16
for the fusion of cells, cell derivatives, subcellular particles anﬁé or
vesicles. 30 23. Use of eukaryotic cellg transfected with t he 1c3 M&Y; 0%
arrangenent according to any one of cld@nms | - 16 for analytical or
di agnostic purposes. 24. Use of eukaryotic cells transfected with the
circuit arrangenent 35 according to any one of clains 1 - 16 for the
manuf act ure of aprilialeBiaeybiting parametsts df the puIsel (L1, TEIs, THeGARY cal bBé MAY
2004 -30 Summary The.invention relates to a novel circuit arrangenent for
el ect r ot r ansf ect B# 8 VA BEMYY $&Dn, which enabl es the transportation of
DNﬁ\ and/ or other biologically 5 active nolecules to the nucl eus of higher
eukaryotic | s -Qr. 1.he.fusi | S | t IR« TRVAPS] and
ith s educ eg%c ol |ﬁ%¢lp’;§1ﬁi# e_\r%én%ntcaet!co?dmg 1O AR) PR seerA Y cidling £1 95,

5 characterised in that :

a device is provided for measuring and recording the time profile of the
voltage applied to the cuvette and/or the current flowing_through the
cuvette and that the measured time profile of the voltage and/or current
can be stored on a memory card.

10
17.  Use of the circuit arrangement according to any one of claims 1 - 16 for
the transfection of quiescent or dividing eukaryotic celis.
18. Use of the circuit arrangement according fo any one of claims 1 - 16 for
15 the transfection of primary cells.

19. Use of the circuit arrangement according to any one of claims 1 - 16 for
the fransfection of human blood cells.

20 20. Use of the circuit arrangement according to any one of claims 1 - 16 for
the transfection of pluripotent precursor celis of human blood.

21.  Use of the circuit arrangement according to any one of claims 1 - 16 for
the transfection of primary human fibroblasts, endothelial cells, muscle
25 cells or melanocytes.

22. Use of the circuit arrangement according to any one of claims 1 - 16 for
the fusion of cells, cell derivatives, subcellular particles and/or vesicles.

30 23. Use of eukaryotic cells transfected with the circuit arrangement
according to any one of claims 1 - 16 for analytical or diagnostic
purposes.

24. Use of eukaryotic cells transfected with the circuit arrangement
35 according to any one of claims 1 - 16 for the manufacture of a
pharmaceutical product for ex vivo gene therapy.





